INTRODUCTION
p53-binding protein 1 (53BP1) is a critical component in mammalian DNA damage response (DDR), and recruitment of 53BP1 to double-strand breaks (DSBs) is a necessary and pivotal determinant of nonhomologous end joining (NHEJ)-directed repair (Panier and Boulton, 2014) . Increasing evidence indicates that 53BP1 recruitment to chromatin near DSBs is dependent on proficient binding of the 53BP1 tandem Tudor domains to dimethylated histone H4 lysine 20 (H4K20me2), which is required for competent 53BP1 nucleation at DSBs, mass accumulation of 53BP1 at irradiation-induced foci (IRIF), immunoglobulin class switch recombination (CSR), and NHEJdirected repair (Bothmer et al., 2011; Botuyan et al., 2006; Bunting et al., 2010; Sanders et al., 2004) . Consistent with this, recent reports demonstrate that 53BP1 binding to H4K20me2 is obstructed by acetylation of neighboring H4K16 and, conversely, H4K16 deacetylation robustly augments 53BP1-H4K20me2 binding, resulting in enhanced 53BP1 nucleation at DSBs and 53BP1 IRIF (Hsiao and Mizzen, 2013; Tang et al., 2013) . 53BP1 chromatin interaction is further strengthened by additional histone modification, including ubiquitinated H2AK15 that binds the 53BP1 ubiquitination-dependent recruitment domain but only in an H4K20me2-dependent manner (Fradet-Turcotte et al., 2013) . Whereas these findings indicate that H4K20me2 is an essential determinant of 53BP1 chromatin binding and NHEJ-directed repair, the upstream enzymatic mechanisms that facilitate H4K20me2 at DSBs were undetermined. Because H4K20me2 is highly abundant, accounting for >80% of total H4 in human cells, the necessity for de novo H4K20me2 at DSBs was unclear (Pesavento et al., 2008) . Due to the abundance of H4K20me2, it was postulated that the likely presence of preexisting H4K20me2 near DSBs may suffice for 53BP1 binding; however, rigorous examination of this model is currently lacking (Sanders et al., 2004) . A recent report seemed to support the model demonstrating that H4K20me2 near a DSB was only slightly elevated immediately after induction of the DSB, but 53BP1 occupancy increased $2-fold (Hsiao and Mizzen, 2013) . At later time points following DSB induction, however, H4K20me2 and 53BP1 near the DSB were reported to be significantly elevated ($20-fold; . These results indicated that de novo H4K20me2 occurs at DSBs, but the H4K20 methyltransferases responsible and their biological significance in DSB repair were unclear.
In this report, we determined that the orchestrated and concerted activities of the PR-Set7 H4K20 monomethyltransferase (H4K20me1) and Suv4-20 dimethyltransferases (H4K20me2) are required for de novo H4K20me2 near DSBs (Nishioka et al., 2002; Schotta et al., 2004) . We found that the reported rapid recruitment of PR-Set7 to DSBs is dependent on the NHEJ Ku70 protein, which interacts with PR-Set7 in cells (Oda et al., Cell Reports 8, 1-9, July 24, 2014 ª2014 The Authors 1 2010). Consistent with a role in NHEJ-directed repair, depletion of PR-Set7 and H4K20me1 severely impaired 53BP1 recruitment and NHEJ repair activity. Although 53BP1 was reported to bind H4K20me1 in vitro, we found that PR-Set7-mediated H4K20me1 is insufficient for 53BP1 nucleation in cells (Botuyan et al., 2006; Oda et al., 2010) . We determined that PR-Set7-mediated H4K20me1 functions to facilitate de novo H4K20me2 by promoting Suv4-20 recruitment and catalysis, consistent with reports demonstrating that H4K20me1 is the preferred substrate for Suv4-20 catalysis (Schotta et al., 2008; Southall et al., 2014; Wu et al., 2013) . Suv4-20-mediated H4K20me2 was necessary for 53BP1 nucleation near DSBs, consistent with reports demonstrating that Suv4-20 depletion impairs 53BP1 IRIF (Hsiao and Mizzen, 2013; Yang et al., 2008) . This study reveals a progressive PR-Set7-dependent pathway required for proficient de novo H4K20me2 at DSBs, 53BP1 nucleation, and DSB repair. Furthermore, this study identifies PR-Set7 as an essential factor of NHEJ that likely promotes NHEJ-directed repair early during mammalian DSB repair pathway selection.
RESULTS

Rapid and Focal Recruitment of PR-Set7 to DSBs
Is Necessary for Proficient DSB Repair Prolonged PR-Set7 depletion results in the expected ablation of H4K20me1 but also reduced H4K20me2, coincident with phenotypes indicative of defective DSB repair, including elevated and sustained activation of canonical DDR proteins and unrepaired DSBs (Hartlerode et al., 2012; Houston et al., 2008; Oda et al., 2009) . To exclude the possibility that defective DSB repair was an indirect consequence of reduced H4K20me2, U2OS cells were transduced with a control small hairpin RNA (shRNA) or shRNA targeting the 3 0 UTR of endogenous PR-Set7 for 4 days to deplete PR-Set7 and reduce global H4K20me1, but not H4K20me2, prior to treatment with sublethal doses of ionizing radiation (IR) (Figures S1A and S1B). Short-term PR-Set7 depletion resulted in the rapid and significant decline of viable U2OS cells following low-level IR exposure compared to control cells ( Figure 1A ). Because the nonirradiated PR-Set7 shRNA U2OS cells displayed no measurable changes in cell viability compared to control, the enhanced radiosensitivity of cells following shortterm PR-Set7 depletion was not due to proliferative or cell cycle perturbations observed following prolonged PR-Set7 depletion.
Whereas these results demonstrate that PR-Set7 is necessary for proficient DSB repair, it remained unclear whether PR-Set7 functions in DDR and/or directly in DSB repair. To assess the role of PR-Set7 in DDR checkpoint activation, early passage diploid human foreskin fibroblasts (HFFs) transduced with control or PR-Set7 shRNA were subjected to increasing doses of IR ( Figure 1B ). Western blot analysis revealed that the dosedependent activation of the canonical DDR checkpoint proteins, ATM, ATR, p53, and H2A.X, were nearly identical between control and PR-Set7-depleted cells, indicating that PR-Set7 is dispensable for the initial activation of these DDR proteins. Conversely, a potential direct role for PR-Set7 in DSB repair was inferred following low-energy laser irradiation of GFP-PRSet7-expressing HeLa cells (Kong et al., 2009) . Fluorescence microscopy revealed that GFP-PR-Set7 rapidly mobilized and remained at laser-induced DSBs for >30 min in contrast to GFP-null control, consistent with a previous report (Figures S1C and S1D) (Oda et al., 2010) .
These cytological observations suggested that PR-Set7 is directly recruited to DSBs. To test this hypothesis at a defined DSB in cells, murine embryonic stem cells (mESCs) containing an integrated DR-GFP transgene were electroporated with an I-SceI expression plasmid to create a genome-specific induced DSB (iDSB) prior to chromatin immunoprecipitations (ChIPs) and quantitative PCR (qPCR) ( Figure 1C ) (Donoho et al., 1998) . ChIPqPCR analysis confirmed the iDSB by significant H2A.X phosphorylation (gH2A.X) throughout the transgene compared to the negative control GAPDH (Figures 1D and S1E ). Significant enrichments of PR-Set7 and methylated H4K20 relative to H3 control were observed near the iDSB (À1 kb and À2 kb), but none were detected more distal to the iDSB at +5 kb ( Figures  1D, S1F , and S1G). Identical results were obtained in U2OS DR-GFP cells ( Figure S1H ). The NHEJ Ku70 protein displayed similar enrichment patterns, indicating that PR-Set7 recruitment and de novo H4K20 methylation are focally localized to a region near the iDSB.
U2OS cells containing different integrated I-SceI reporter transgenes were utilized to delineate the role of PR-Set7 in NHEJ (EJ5-GFP), single-strand annealing (SSA-GFP), and homology-directed repair (HDR-GFP) (Gunn and Stark, 2012) . Following induction of the DSB in control and PR-Set7-depleted cells, proficient iDSB repair was assessed by flow cytometry of GFP+ cells. Compared to control, PR-Set7 depletion significantly reduced iDSB repair by NHEJ and significantly increased repair by SSA and HDR ( Figure 1E ). These findings indicate that PRSet7 recruitment to DSBs is necessary for NHEJ-directed repair.
De Novo H4K20 Methylation and 53BP1 Nucleation Are Dependent on PR-Set7 Monomethyltransferase Activity PR-Set7 may function in repair pathway choice by facilitating H4K20me2 near DSBs necessary for binding of 53BP1, a pivotal determinant of NHEJ-directed repair (Panier and Boulton, 2014) . Consistent with this, several reports demonstrated that prolonged PR-Set7 depletion reduced global H4K20me2 levels and impaired 53BP1 IRIF (Botuyan et al., 2006; Hartlerode et al., 2012; Oda et al., 2010) . Although short-term PR-Set7-depleted HeLa cells retained wild-type H4K20me2 levels, we unexpectedly observed impaired 53BP1 IRIF (Figures 2A and  S1B ). To determine whether this defect was due to loss of PR-Set7 catalytic activity, HeLa cells were transfected with a dominant negative PR-Set7 catalytically dead (CD) point mutant . These cells also displayed impaired 53BP1 IRIF, consistent with previous reports, indicating that PR-Set7 monomethyltransferase activity, but not PR-Set7 per se, is required for proficient 53BP1 IRIF (Figure 2A ) (Hartlerode et al., 2012; Houston et al., 2008; Oda et al., 2010) .
The results suggested that PR-Set7 recruitment is necessary for de novo H4K20 methylation and 53BP1 nucleation near DSBs. To test this, U2OS DR-GFP cells were transduced with a control or PR-Set7 shRNA to deplete PR-Set7 prior to I-SceI transfection (Bennardo et al., 2009) . ChIP-qPCR demonstrated that PR-Set7 depletion did not affect gH2A.X enrichment but resulted in the ablation of H4K20me1 and significant reductions in H4K20me2, H4K20me3, and 53BP1 occupancy near the iDSB compared to control, as hypothesized ( Figures 2B and S2A) . Complementation experiments were performed in PR-Set7-depleted U2OS DR-GFP cells transfected with either wild-type FLAG-PR-Set7 (WT) or -PR-Set7 CD ( Figure S2B) . ChIP-qPCR analysis demonstrated that, whereas recruitment of PR-Set7 WT restored de novo H4K20 methylations near the iDSB, recruitment of PR-Set7 CD did not ( Figures 2C, 2D , S2C, and S2D). To determine whether PR-Set7 recruitment is sufficient for de novo H4K20 methylations and 53BP1 nucleation at loci regardless of DNA damage, human embryonic kidney 293 (HEK293)-TK22 cells containing an integrated 5xGAL4-UAS-TK-Luc reporter transgene were transfected with a GAL4-DBD-control, -PRSet7 WT, or -PR-Set7 CD plasmid ( Figure S3A ) (Ishizuka and Lazar, 2003) . ChIP-qPCR analysis demonstrated that specific localization of PR-Set7 WT to the undamaged transgene resulted in significantly increased H4K20 methylations and 53BP1 occupancy ( Figures 3A and S3B ). Although H4K20 methylation enrichments were $2 or 33 lower compared to iDSBs, 53BP1 occupancy relative to H4K20 methylation was similar to iDSBs (Figures 2B and 3A) . In contrast, H4K20 methylations and 53BP1 occupancy were not observed following PRSet7 CD localization. The collective results demonstrate that PR-Set7 recruitment to an iDSB or an undamaged locus is necessary and sufficient to induce de novo H4K20 methylations and 53BP1 nucleation in a PR-Set7 monomethyltransferasedependent manner.
Suv4-20 Methyltransferases Are Required for H4K20me2 and 53BP1 Nucleation at an iDSB Based on the findings above, we hypothesized that PRSet7-mediated H4K20me1 near DSBs facilitates subsequent H4K20me2 by a different methyltransferase. It was previously reported that the MMSET/NSD2/WHSC1 methyltransferase was required for H4K20me2 and 53BP1 recruitment (Hajdu et al., 2011; . However, our results and recent independent reports demonstrate that MMSET does not regulate H4K20 methylation, MMSET is not recruited to DSBs, and MMSET is dispensable for 53BP1 IRIF ( Figures S4G-S4L ) (Hartlerode et al., 2012; Hsiao and Mizzen, 2013; .
In contrast to MMSET, the Suv4-20h1 and Suv4-20h2 methyltransferases are responsible for the majority of H4K20me2 and H4K20me3 in mammalian cells and H4K20me1 is the preferred substrate for Suv4-20 catalysis (Schotta et al., 2004 (Schotta et al., , 2008 Southall et al., 2014; Wu et al., 2013) . To test the hypothesis that the Suv4-20s are required for H4K20me2 and 53BP1 nucleation at an iDSB, the DR-GFP transgene was inserted at the hprt locus in Suv4-20h1/Suv4-20h2 double-knockout (DKO) mESCs (Donoho et al., 1998; Schotta et al., 2008) . The DKO DR-GFP mESCs displayed similar levels of gH2A.X enrichment near the iDSB as control ( Figures 1D, 3B , and S3C). Consistent with the hypothesis, significantly reduced H4K20me2, H4K20me3, Monomethyltransferase-Dependent De Novo H4K20 Methylations (A) Representative immunofluorescence microscopy images of H4K20me1, H4K20me2 (green), and 53BP1 (red) in irradiated HeLa cells expressing control shRNA, PR-Set7-specific shRNA, or a PRSet7 catalytically dead (CD) mutant. Cells were counterstained with DAPI (blue). (B) ChIP-qPCR analysis near the iDSB (À1 kb) in U2OS DR-GFP cells transduced with control or PR-Set7 shRNA in the absence (ÀDSB) or presence (+DSB) of I-SceI using the indicated antibodies (x axis). Values represent the mean fold enrichment relative to histone H3 ± SD from five independent biological replicates. (C and D) ChIP-qPCR analysis in PR-Set7-depleted U2OS DR-GFP cells complemented with FLAG-PR-Set7 WT (C) or FLAG-PR-Set7 CD (D) as described in Figure 2B . Values represent the mean fold enrichment relative to histone H3 ± SD from five independent biological replicates. See also Figure S2 . and 53BP1 occupancy, but increased H4K20me1, were observed near the iDSB in the DKO DR-GFP mESCs compared to control. These results indicate that Suv4-20h1 and/or Suv4-20h2 are required for de novo H4K20me2 and 53BP1 nucleation near an iDSB, consistent with reports demonstrating impaired 53BP1 IRIF in Suv4-20-depleted human cells (Hsiao and Mizzen, 2013; Yang et al., 2008) . The findings also demonstrate that the Suv4-20s are dispensable for PR-Set7 recruitment to DSBs; that PR-Set7 specifically monomethylates H4K20 near DSBs; and that, although 53BP1 binds H4K20me1 in vitro, PR-Set7-mediated H4K20me1 is insufficient for 53BP1 nucleation in cells (Botuyan et al., 2006; Oda et al., 2010) .
PR-Set7-Mediated H4K20me1 Is Requisite for Suv4-20 Catalysis and 53BP1 Nucleation
We hypothesized that Suv4-20-dependent H4K20me2 and 53BP1 nucleation near DSBs required prior PR-Set7-mediated H4K20me1. To address this first, control or PR-Set7-depleted U2OS DR-GFP cells were transfected with FLAG-Suv4-20H1 or -Suv4-20H2 ( Figure S3D ). ChIP-qPCR analysis demonstrated equivalent enrichment of each Suv4-20, indicating that both are recruited to the iDSB in control cells ( Figures  3C and S3E ). PR-Set7 depletion resulted in an $2 or 33 reduction in Suv4-20 occupancy near the iDSB, indicating that Suv4-20 recruitment is dependent, in part, on PR-Set7 and/or H4K20me1 ( Figures 3C and S3F) . To evaluate the necessity of H4K20me1 for Suv4-20 catalysis and 53BP1 nucleation, HEK293-TK22 cells were transfected with GAL4-DBD-Suv4-20H1 or -Suv4-20H2 ( Figure S3A ). In contrast to PR-Set7 WT, ChIP-qPCR analysis demonstrated that Suv4-20 localization to the undamaged integrated transgene was insufficient for de novo H4K20 methylation and 53BP1 nucleation ( Figures  3A and S3B ). These findings demonstrate that PR-Set7-mediated H4K20me1 is required for proficient Suv4-20 recruitment and catalysis to generate de novo H4K20me2 near DSBs necessary for 53BP1 nucleation.
Proficient Recruitment of PR-Set7 to DSBs Is Dependent on Ku70
A previous report demonstrated that cytological accumulation of ectopic PR-Set7 at laser-induced DSB foci required direct binding to PCNA (Oda et al., 2010) . To determine the necessity of PCNA binding on PR-Set7 recruitment to an iDSB, PR-Set7-depleted U2OS DR-GFP cells were transfected with FLAG-PRSet7 WT or -PR-Set7 PIPm2, which encodes mutations in the second PCNA-interacting protein (PIP) box of PR-Set7 that ablates PCNA binding ( Figure S4B ) (Abbas et al., 2010; Centore et al., 2010; Jørgensen et al., 2011) . Despite the inability to bind PCNA, ChIP-qPCR analysis revealed significant enrichments of PR-Set7 PIPm2 and H4K20 methylations near the iDSB, although these values were proportionally lower compared to PR-Set7 WT (Figures 4A and S4A ). These results demonstrate that PR-Set7 recruitment to an iDSB can occur independent of PCNA binding.
To identify potential PR-Set7-interacting proteins necessary for PR-Set7 recruitment to DSBs, two independent tandem affinity purifications of ectopically expressed FLAG-hemagglutinin-null and -PR-Set7 in HeLa cells were performed followed by comparative mass spectrometry analyses (Spektor and Rice, 2009 ). Identification of proteins unique to PR-Set7 included the NHEJ-associated factors Ku70, Ku80, and PARP1 (Table  S1 ). Immunoprecipitation of FLAG-PR-Set7 or -GFP negative control expressed in HEK293 cells confirmed the specific interaction of PR-Set7 with endogenous Ku70, Ku80, and PARP1 ( Figure 4B ). In vitro assays demonstrated that recombinant PR-Set7 directly binds Ku70 and Ku80, but not PARP1 ( Figure 4C ).
These findings suggested that PR-Set7 recruitment to DSBs is dependent on certain NHEJ-associated factors. To determine the necessity of specific canonical NHEJ factors on PR-Set7 recruitment to an iDSB, ChIP-qPCR was performed in several DR-GFP mESC lines lacking individual NHEJ factors. In Ku70 À/À DR-GFP mESCs, PR-Set7 recruitment and de novo H4K20 methylations near the iDSB were severely impaired compared to WT control ( Figures 1D, 4E , and S4C). Consistent with this, GFP-PR-Set7 mobilization to laser-induced DSBs was blunted in Ku70-depleted HeLa cells ( Figure 4D ). These results demonstrate that proficient PR-Set7 recruitment to DSBs is dependent on Ku70; however, PR-Set7 was found to be dispensable for Ku70 localization to DSBs ( Figures S4F  and S4G ). In DNA-PKcs À/À DR-GFP mESCs, PR-Set7 recruitment and de novo H4K20 methylations near the iDSB were lower compared to WT control ( Figures 1D, 4F , and S4D). These results suggest that proficient PR-Set7 recruitment to DSBs requires DNA-PKcs, consistent with the interaction detected between PR-Set7 and endogenous DNA-PKcs in HEK293 cells ( Figure 4B ). However, the concurrent reduction of Ku70 near the iDSB in these cells alternatively suggests that the observed decreased PR-Set7 occupancy was Ku70-dependent. In XRCC4 À/À DR-GFP mESCs, PR-Set7 and H4K20 methylations near the iDSB were comparable to WT control, indicating that XRCC is dispensable for PR-Set7 recruitment ( Figures 1D, 4G, and S4E) . These collective results demonstrate that proficient PR-Set7 recruitment to DSBs is dependent on Ku70. Figure 1D . Values represent the mean fold enrichment relative to histone H3 ± SD from three independent biological replicates.
(C) ChIP-qPCR analysis near the iDSB (À1 kb) in control or PR-Set7 shRNA U2OS DR-GFP cells expressing FLAG-null, -Suv4-20H1, or -Suv4-20H2 as described in Figure 2B . Values represent the mean fold enrichment relative to histone H3 ± SD from three independent biological replicates. See also Figure S3 .
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DISCUSSION
This study reveals that recruitment of PR-Set7 to DSBs is required to induce de novo H4K20 methylation, 53BP1 nucleation, and NHEJ-directed repair ( Figure 4H ). PR-Set7 recruitment to laser-induced DSBs was previously reported to require direct binding of PR-Set7 to PCNA (Oda et al., 2010) . The observed accumulation and retention of PR-Set7 at laserinduced DSBs, however, was inconsistent with reports demonstrating that PCNA binding results in the rapid degradation of PR-Set7 (Abbas et al., 2010; Centore et al., 2010; Jørgensen et al., 2011; Oda et al., 2010 ). Our results demonstrate that loss of PCNA binding had little effect on PR-Set7 recruitment to an iDSB and, alternatively, that proficient PR-Set7 recruitment to iDSBs and laser-induced DSBs was dependent on the canonical NHEJ Ku70 protein, suggesting a role for PR-Set7 in NHEJ. Consistent with this, NHEJ-directed repair was severely impaired in PR-Set7-depleted cells concurrent with the accumulation of unrepaired DSBs (Houston et al., 2008; Oda et al., 2009 ). These results identify PR-Set7 as an essential component of NHEJ-directed repair necessary for the maintenance of genomic stability.
Based on our findings and previous reports, we propose that PR-Set7 is a primary early determinant of DSB repair pathway choice that promotes NHEJ-directed repair. The observed rapid recruitment of PR-Set7 to DSBs and the PR-Set7-dependent de novo H4K20me2 required for subsequent 53BP1 localization to DSBs supports an early direct mechanism for PR-Set7 in promoting NHEJ-directed repair (Oda et al., 2010) . This is further supported by the findings that PR-Set7 recruitment to an undamaged locus induced de novo H4K20me2 and 53BP1 nucleation, implicating PR-Set7 as a principal initiating factor of NHEJ-directed repair. It was previously reported that PR-Set7 protein levels are dynamically regulated during cell cycle progression where PR-Set7 is abundant in G1-phase, when NHEJ is the dominant DSB repair pathway, but depleted in S phase, when HDR dominates (Wu et al., 2010) . These findings suggest that the regulation of PR-Set7 abundance is a central determinant of DSB repair pathway choice where the presence of PRSet7 directly promotes NHEJ-directed repair and absence of PR-Set7 indirectly promotes HDR by impeding NHEJ-directed repair. Consistent with this, PR-Set7 depletion severely impaired NHEJ-directed repair and, concurrently, significantly enhanced HDR. The necessity for PR-Set7 degradation during initiation of fundamental HDR-associated programs, including DNA replication and UV damage repair, further supports the model that PR-Set7 regulates DSB repair pathway choice (Abbas et al., 2010; Centore et al., 2010; Jørgensen et al., 2011) .
PR-Set7 monomethyltransferase activity was found to be necessary, but insufficient, for de novo H4K20me2 and 53BP1 nucleation. We determined that PR-Set7-mediated H4K20me1 functions to facilitate subsequent Suv4-20 recruitment and catalysis required to generate H4K20me2 and nucleate 53BP1 at an iDSB and an undamaged locus. Previous reports suggested that Suv4-20 and H4K20me2 were dispensable, but that H4K20me1 was sufficient, for 53BP1 recruitment because 53BP1 also binds H4K20me1 in vitro and Suv4-20 DKO primary mouse embryonic fibroblasts (pMEFs), which have reduced global H4K20me2 but elevated H4K20me1, displayed only minor 53BP1 IRIF defects (Botuyan et al., 2006; Hartlerode et al., 2012; Oda et al., 2010; Schotta et al., 2008) . In contrast to DKO pMEFs, Suv4-20-depleted HeLa cells, which also have reduced global H4K20me2 and elevated H4K20me1, displayed significant 53BP1 IRIF defects (Hsiao and Mizzen, 2013; Yang et al., 2008) . Whereas the reasons for these differences remain unclear, a report demonstrating that Suv4-20 DKO B cells displayed significantly impaired CSR supports the necessity of Suv4-20 and H4K20me2 for 53BP1 localization and function (Bothmer et al., 2011; Schotta et al., 2008) . Consistent with these reports, our results directly demonstrate that PR-Set7-mediated H4K20me1 alone is insufficient, and that Suv4-20-mediated H4K20me2 is required, for 53BP1 nucleation at an iDSB. The collective results of this study indicate that the orchestrated and concerted activities of PR-Set7 and Suv4-20 are requisite rate-limiting steps for proficient 53BP1 localization and NHEJdirected repair. Because H4K20me2-dependent binding of 53BP1 to chromatin is augmented by additional histone modifications, including H4K16 deacetylation and H2AK15 ubiquitination, we propose that the de novo generation of a DSB-specific ''histone code'' facilitates the selective recruitment and retention of 53BP1 at DSBs necessary for proficient NHEJ-directed repair (Fradet-Turcotte et al., 2013; Hsiao and Mizzen, 2013; Tang et al., 2013) .
EXPERIMENTAL PROCEDURES
U2OS, HFF, HEK293, mESCs, and HeLa cells were cultured as previously described (Houston et al., 2008; Sims and Rice, 2008) . Glycofect (Techulon) was used to transfect U2OS, and Lipofectamine 2000 (Invitrogen) was used to transfect HEK293 and HeLa according to manufacturer's instructions. The mESCs were electroporated as previously described (Donoho et al., 1998) . Lentivirus was produced and cells transduced as previously reported . Approximately 10 6 U2OS or 5 3 10 6 mESC DR-GFP cells were used for each ChIP as previously described (Congdon et al., 2010) . ChIPs were performed 24 or 36 hr following I-SceI transfection in U2OS or mESC DR-GFP cells, respectively, when gH2A.X enrichment was determined to be maximal at the iDSB. Other ChIP antibodies used in the studies were first (D) Representative fluorescence microscopy images of WT or Ku70-depleted HeLa cells expressing GFP-PR-Set7 (green) 5 min after generation of laser-induced DSBs (yellow arrows).
(E-G) ChIP-qPCR analysis near the iDSB (À1 kb) in Ku70 See also Figure S4 .
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Please cite this article in press as: Tuzon et al., Concerted Activities of Distinct H4K20 Methyltransferases at DNA Double-Strand Breaks Regulate 53BP1 Nucleation and NHEJ-Directed Repair, Cell Reports (2014), http://dx.doi.org/10.1016/j.celrep.2014.06.013 titrated at these time points to optimize enrichment levels near the iDSB in control cells and compensate for possible differences in avidity between different antibodies. An iQ5 iCycler (Bio-Rad) was used for qPCR with data presented as fold enrichment (%IP/%Input)/(%IP H3/%Input H3) and statistical significance determined by the Student's t test. Western blot analysis, immunoprecipitations, comparative mass spectrometry analysis, and in vitro binding assays were performed as previously described (Spektor and Rice, 2009 ). Laser irradiation and immunofluorescence studies were performed as previously reported (Kong et al., 2009; Wu et al., 2010) . Detailed descriptions of the reagents and methods used can be found in Supplemental Information. 
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Please cite this article in press as: Tuzon et al., Concerted Activities of Distinct H4K20 Methyltransferases at DNA Double-Strand Breaks Regulate 53BP1 Nucleation and NHEJ-Directed Repair, Cell Reports (2014) Figure S1 2 Figure S2 3 Figure S3 4 Figure S4 7 Figure Legends 9 Table S1 12 Experimental Procedures (-DSB) or presence (+DSB) of I-SceI using the indicated antibodies (x-axis) as described in Figure  2B . The values represent the mean normalized to Histone H3 +/-SD from n=5 independent biological replicates. (B) Western analysis to determine FLAG-PR-Set7 WT and CD expression in Figures 2C and 2D . (C) ChIP-qPCR analysis in PR-Set7 depleted U2OS DR-GFP cells complemented with wild type FLAG-PR-Set7 as described in Figure 2C . Values represent the mean fold enrichment relative to Histone H3 +/-SD from n=5 independent biological replicates. (D) ChIP-qPCR analysis in PR-Set7 depleted U2OS DR-GFP cells complemented with catalytically dead FLAG-PR-Set7 R265G mutant (CD) as described in Figure 2D . Values represent the mean fold enrichment relative to Histone H3 +/-SD from n=5 independent biological replicates. ChIP-qPCR analysis at GAPDH negative control locus from cells transfected with GAL4-DBD-null, GAL4-DBD-PR-Set7, GAL4-DBD-PR-Set7 R265G, GAL4-DBD-Suv4-20H1 or GAL4-DBD-Suv4-20H2 using the indicated antibodies (x-axis). Values in the graph represent the mean fold enrichment normalized to Histone H3 +/-SD from n=3 independent biological replicates. (C) ChIP-qPCR analysis near the iDSB (-2 kb) and at control GAPDH locus in wild type mESC DR-GFP cells (WT) and Suv4-20h1/Suv4-20h2 double knockout (DKO) mESC DR-GFP cells as described in Figure 3B . Values in the graph represent the mean fold enrichment normalized to Histone H3 +/-SD from n=3 independent biological replicates.
(D) Representative immuno-blot of ectopically expressed FLAG-null, FLAG-Suv4-20H1 and FLAG-Suv4-20H2 from U2OS DR-GFP in the absence (-DSB) or presence (+DSB) of I-SceI.
(E) ChIP-qPCR analysis of ectopically expressed FLAG-null, FLAG-Suv4-20H1 and FLAGSuv4-20H2 in U2OS DR-GFP cells in the absence (-DSB) or presence (+DSB) of I-SceI using the indicated antibodies (x-axis) and qPCR amplicons (-1 kb, -2 kb and GAPDH). The values represent the mean normalized to Histone H3 +/-SD from n=5 independent biological replicates.
(F) ChIP-qPCR analysis near the iDSB (-2 kb) and at control GAPDH locus in control shRNA or PR-Set7 shRNA U2OS DR-GFP cells expressing FLAG-null, FLAG-Suv4-20H1 or FLAGSuv4-20H2 in the absence (-DSB) or presence (+DSB) of I-SceI as described in Figure 3C . Values in the graph represent the mean fold enrichment normalized to Histone H3 +/-SD from n=3 independent biological replicates. (G) ChIP-qPCR analysis near the iDSB (-1 kb and -2 kb) transgene and at the control GAPDH locus in U2OS DR-GFP cells in the absence (-DSB) or presence (+DSB) of I-SceI using the indicated antibodies (x-axis). MMSET 1 denotes the antibody used in Pei et al and MMSET 2 denotes the antibody used in Li et al (Li et al. 2009; . Values represent the mean fold enrichment relative to Histone H3 +/-SD from 3 independent biological replicates. (H) ChIP-qPCR analysis near the iDSB (-1 kb and -2 kb) transgene and at the control GAPDH locus in U2OS DR-GFP cells expressing control or MMSET-specific shRNA in the absence (-DSB) or presence (+DSB) of I-SceI using the indicated antibodies (x-axis). Values represent the mean fold enrichment relative to Histone H3 +/-SD from 4 independent biological replicates. (I) ChIP-qPCR analysis near the iDSB (-1 kb and -2 kb) transgene and at a control GAPDH locus in U2OS DR-GFP cells ectopically expressing FLAG-null control or wild type FLAG-MMSET in the presence (+DSB) of I-SceI. (A) ChIP-qPCR analysis near the iDSB (-2 kb) and at control GAPDH locus in control shRNA and PR-Set7 shRNA U2OS DR-GFP cells expressing wild type FLAG-PR-Set7 (WT) or FLAG-PR-Set7 PIPm2 mutant in the presence (+DSB) of I-SceI. Values in the graph represent the mean fold enrichment normalized to Histone H3 +/-SD from n=3 independent biological replicates. (B) Representative immuno-blot of FLAG and tubulin loading control from PR-Set7 shRNAdepleted U2OS DR-GFP cells ectopically expressing wild type FLAG-PR-Set7 and FLAG-PRSet7 PIPm2 in the absence (-DSB) and presence (+DSB) of I-SceI. (C-E) ChIP-qPCR analysis of KU70-/-(C), DNA-PKcs-/-(D) and XRCC4-/-(E) mESC DR-GFP cells in the absence (-DSB) or presence (+DSB) of I-SceI using the indicated antibodies (x-axis) and qPCR amplicons (-2 kb, +5 kb and GAPDH). Values in the graph represent the mean fold enrichment normalized to Histone H3 +/-SD from n=5 independent biological replicates. (F) ChIP-qPCR analysis for γH2AX, Ku70 or IgG control (x-axis) near the iDSB (-2 kb) and at the control GAPDH locus in control shRNA and PR-Set7 shRNA U2OS DR-GFP cells in the presence (+DSB) or absence (-DSB) of I-SceI. Values in the graph represent the mean fold enrichment normalized to Histone H3 +/-SD from n=3 independent biological replicates. (G) Representative fluorescence microscopy images of Ku70 from control and PR-Set7 shRNA treated HeLa and U2OS DR-GFP cells 2 and 10 min after generation of localized DSBs by laser micro-irradiation. Table S1 (related to Figure 4) . Partial Gene Ontology (GO) list of PR-Set7-associated proteins identified by mass spectrometry. Nuclear extracts from FLAG-HA-PR-Set7 and FLAG-HA-null expressing HEK293 cells were used to perform tandem FLAG and HA affinity purifications as described in Supplemental Experimental Procedures. A fraction of the purified eluent was retained and fractionated by SDS-PAGE for Western analyses ( Figure 4B ). The remaining eluents from two independent purifications were submitted to the Taplin Mass Spectrometry Facility (Harvard University) for protein identification using the International Protein Index (IPI). Associated proteins unique to PR-Set7 or in greater abundance compared to null control with at least 4 unique peptides in the combined samples were categorized by Gene Ontology and are listed above.
